Circular Photogalvanic Effect at Inter-Band Excitation 
in Semiconductor Quantum Wells 
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We observed a circular photogalvanic eftect (CPGE) in GaAs quantum wells at inter-band exci- 
tation. The spectral dependence of the CPGE is measured together with that of the polarization 
degree of the time resolved photoluminescence. A theoretical model takes into account spin splitting 
of conduction and valence bands. 
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Spin photocurrents generated by excitation with cir- 
cularly polarized radiation in quantum wells have at- 
tracted considerable attention in the recent decade 0. 
Several mechanisms of electric currents driven by opti- 
cally generated spin polarization are observed in zinc- 
blende-structure based bulk semiconductors and quan- 
tum wells (QWs). Among these effect are inhomogeneous 
spin orientation induced currents in bulk GaAs 0, 
the circular photogalvanic effect (CPGE) and the spin- 
galvanic effect in QW s 0, , the photovoltaic effect in 
p — n junctions [a, l3| and currents due to quantum in- 
terference of one- and two-photon excitations 0, 0, 0| . 
Except CPGE in QWs, all other spin photocurrents have 
been observed at optical excitation across the band gap of 
the semiconductor. CPGE [HEIEIEIEI is caused in 
zinc-blende structure based QWs by homogeneous opti- 



I . This effect should also 
[lr^. but so far has been 



cal spin orientation of carriers 
occur at inter-band excitation 
detected only at intra-band transitions by excitation with 
infrared radiation. In the present work we report on the 
first observation of the CPGE at inter-band excitation in 
GaAs QWs. 

The experiments were carried out on (113)A- 
oriented molecular-beam-epitaxy (MBE) grown p-type 
GaAs/Alo.32Gao.68As structure with 20 QW of 15 nm 
widths. The free hole density in the sample was 2 • 
10^^ cm^^ and the mobility was about 5 • 10^ cm^/Vs at 
4.2 K. The sample edges were oriented along the [110]- 
and [332]- directions. Two pairs of ohmic contacts were 
centered along opposite sample edges pointing in the 
directions x \\ [110] and y \\ [332] (see Fig. [ij. The 
sample belongs to the symmetry class Cs which allows 
the CPGE at normal incidence of the radiation 0. For 
optical inter-band excitation a cw-Ti:sapphire laser and 
pulsed Ti:sapphire laser were used providing radiation of 
wavelength in the range between 0.7 fim and 0.85 /im. 
The power of the cw-laser P was about 80 mW. The 
pulsed laser provided 1 ps pulses with a repetition rate of 
80 MHz and an average power of about 100 mW. One of 
the main features of the CPGE is that the photocurrent 
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FIG. 1: Photocurrent in QWs normalized by P and a spec- 
trally integrated polarization degree of photoluminescence as 
a function of the excitation photon energy hui. The inset 
shows the geometry of the experiment. Normal incidence of 
radiation onp-type (113)A- grown GaAs/AlGaAs QWs (sym- 
metry class Cs). 



caused by spin polarization is proportional to the helic- 
ity of the incident hght Pcirc = - )/ + la^ ), 
where Jo-^ and Ia_ are intensities of right- (tT+ ) and left- 
handed (cT-) polarized radiation. Therefore, the sign of 
the current changes upon switching from right to left cir- 
cular polarization. This allows to distinguish the helicity 
dependent photocurrent from helicity independent cur- 
rents like that of the Dember effect, photovoltaic effects 
at contacts and Schottky barriers. The linearly polarized 
laser beam was transmitted through a photoelastic mod- 
ulator which yields a periodically oscillating polarization 
between a+ and (t_ . The photocurrent jx was measured 
in the unbiased structures at room temperature via the 
voltage drop across a 50 load resistor in a closed circuit 
configuration. The signal was recorded by a lock-in am- 
plifier in phase with the photoelastic modulator. In ad- 
dition we carried out polarization and time resolved pho- 
toluminescence measurements using a synchroscan streak 
camera with a temporal and spectral resolution of 7 ps 
and 1 nm, respectively [l^ . 
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FIG. 2: Kinetics of the photoluminescence signal for two var- 
ious photon energies. The inset shows the spectral behaviour 
of the relaxation rate of electron spins. 

Illuminating our QW structure with polarization mod- 
ulated radiation at normal incidence we observed a cur- 
rent signal in x-dircction for both cw and pulsed exci- 
tations. In the perpendicular y-direction no helicity de- 
pendent current has been detected. Fig. shows the 
spectral dependence of the photocurrent and the spec- 
trally integrated polarization degree of photolumines- 
cence. Both, photocurrent and polarization degree have 
peculiarities in their spectral dependences. In particular, 
there is a deep drop of both values at the photon energy 
huj — 1.67 eV. While the photocurrent exhibits a distinct 
minimum, the polarization degree sharply drops (by a 
factor of two) with increasing energy. In the next step 
we studied the temporal dependence of the polarization 
degree on the excitation photon energy. Fig.[5]shows that 
the relaxation time of electron spins is about 170 ps 
and is independent of huj. 

On the macroscopic level the CPGE can be described 
by the following phenomenological expression [l^: 

j\ = ^ ^*^t' = '^^'^^A- E^Pcirc , (1) 

where j is the photocurrent density, 7 is a second rank 
pseudo-tensor, E is the complex amplitude of the electric 
field of the electromagnetic wave, and Eq, e. are the elec- 
tric field amplitude and the unit vector pointing in the di- 
rection of light propagation, respectively. For QWs of Cs 
symmetry, as investigated here, a photocurrent at normal 
incidence, with radiation propagating along z \\ [113], is 
given by 

jx = hxzez)EQPcirc , = . (2) 

The current flows in x-direction which is perpendicular 
to the mirror reflection plane of Cg symmetry. Eq. (0) 
describes the experimental observation, in particular, the 
absence of a helicity dependent current in y-direction. 

Fig. shows the microscopic picture of the spin ori- 
entation induced circular photogalvanic effect at inter- 
band excitation close to the band edge. We assume direct 



e 




kx kx kx 



FIG. 3: Microscopic picture of spin orientation induced 
CPGE at direct transitions in Cs point group taking into 
account the splitting of subbands in fe-space. a+ excita- 
tion induces direct transitions (vertical arrows) (a) between 
valence and conduction band (from hhl (s = —3/2) to el 
(s = —1/2)). Spin splitting together with optical selection 
rules results in an unbalanced occupation of the positive 
and negative k~ states yielding a spin polarized photocurrent. 
For a- excitation both the spin orientation of the charge car- 
riers and the current direction get reversed. Horizontal arrows 
indicate the current due to an unbalance of carriers. Currents 
are shown for conduction band only. 

inter-band transitions in a QW of C's symmetry. For the 
sake of simplicity we discuss a band structure consisting 
only of the lowest conduction subband el and the highest 
heavy- hole subband hhl. The energy dispersion in the 
conduction band is given by 

£eJ,±l/2(fc) = h'^k'^/2me ± Pelkx + £g 

and in the valence band by 

£hhi, ±3/2ik) = -[h^k^ /2mhhi ±l3hhikx\, 

where Sg is the QW energy gap, /3ei and Phhi are com- 
ponents of second rank pseudo-tensor responsible for the 
removal of spin degeneracy in the first electron and the 
first heavy-hole subbands, respectively. 

For absorption of circularly polarized radiation of pho- 
ton energy hoj, momentum and energy conservation allow 
transitions only for two values of kx- Due to the selec- 
tion rules the optical transitions occur from s = —3/2 
to ,s = — 1/2 for right handed circular polarization (174.) 
and from s = 3/2 to s = 1/2 for left handed circular 
polarization ((t_ ) . Here s are the spin quantum numbers 
of the electron states. The corresponding transitions for 
e.g. (7+ photons occur at 



kx = ^iPel+Phhl)±^^iPel +Phhl)^ + -^inLJ-eg), 

(3) 

and are shown in Fig.|21by the solid vertical arrows. Here 
fi = {jTLe • rUhhi ) / [fTT-e + 'nT'hhi ) IS the rcduccd mass. The 
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'center of mass' of these transitions is shifted from the 
point kx = Ohy {(3ei + Phhi)ifJ'/Ji'^)- Thus the sum of the 
electron velocities in the excited states in the conduction 
band, 
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me 



2k: 



2 f3hhimhhi - f^eirue 

h TOe + rUhhl 



(4) 

is non-zero. The contributions of k^ photoelectrons to 
the current do not cancel each other except in the case of 
PeiTTie = PhhiTTT-hhi which corrcsponds to an equal split- 
ting of the conduction and the valence band. We note 
that the group velocity is obtained taken into account 
that k^ are to be counted from the conduction subband 
minima fc™™ because the current is caused by the dif- 
ference of the group velocities within the subband. The 
same consideration applies for holes in the initial states 
inhhl. Consequently, a spin polarized net current results 
in the x direction. Changing the circular polarization of 
the radiation from (T_|_ to <7_ reverses the current because 
the 'center of mass' of these transitions is now shifted to 

-(Pel + f3hhl){^i/n^)■ 

The microscopic theory of spin orientation induced 
CPGE in QWs at inter-band excitation was developed 
in |l7j . We consider the asymmetry of the momentum 
distribution of electrons excited under direct inter-band 
optical transitions in p-doped (113)-grown QWs of Cs 
symmetry. The photocurrent density is given by 



(5) 

where e is the elementary charge, v'^'^''^'> (k) — 
are the group velocities of electrons 
and holes, t'^'^'^'> are the momentum relaxation times in 
the subbands, and p'-'^'''^ are their non-equilibrium gen- 
eration rates. The expressions for them have the form 



.{eJi) 
Pnn' 



lMln'[SiEn+Ei-hLu)+S{En'+Ei-nLu)]. 

(6) 

Here Mni{k) is the inter-band optical matrix element, 
and the indices n,n' ,1 enumerate the electron and hole 
subband spin states involved into the transitions. The 
CPGE current excitation spectrum is given by 



(7) 



where /3ej/, Phi^' are the spin-splitting parameters for i/*'' 
electron and i/'*'' hole subbands of size-quantization. The 
spectral functions F^^>{uj) and F^^> are calculated in [l7j . 
The most important result of the microscopic theory is 
that both the initial and final states of the carriers in- 
volved in the optical transition contribute to the circular 
photogalvanic current with different strength and direc- 
tions. The partial currents are proportional to the group 



velocity being dependent on fc, the momentum relaxation 
times Te and r/i, and the occupation of the initial states. 
Therefore the sign of the total current depends on the 
details of experimental conditions and may even change 
by varying the radiation frequency, temperature etc. 

The photocurrent is due to carrier spin polarization, 
thus the coincidence of spectral peculiarities in both the 
CPGE and the circular polarization degree is natural. 
The reason for the peculiarities in both spectra is a sharp 
dependence of spin polarization on the wavevector for the 
direct inter-band transitions. Close to the band edge, the 
transitions obey the simple selection rules and occur from 
pure ±3/2 heavy-hole states as assumed in the model 
above. Increase of the excitation energy shifts the tran- 
sitions to higher wavevectors at which the selection rules 
are lifted. This is caused by the heavy-light hole mixing 
in QWs leading to a strong dependence of carrier spin 
orientation on the excitation energy theoretically consid- 
ered in On the other hand, transitions from hole 
subbands to electron continuum are possible at the ex- 
citation energy hu > 1.7 eV. Such process is known as 
'photoionization' of QWs [l^ . 

In conclusion we have observed the CPGE in QW 
structures at inter-band excitation for the first time. The 
strength of the CPGE signal correlates with the degree 
of spin polarization and is well described by phenomeno- 
logical and microscopical theories. 
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